Introduction macrodomains involved in binding, interpretation of changes to agonist response kinetics was problematic Ionotropic glutamate receptor subunits constitute a in these cross-family (AMPA/kainate) chimeras, particularge family of ligand-gated ion channels responsible larly since a number of chimeras were nonfunctional for the majority of excitatory synaptic transmission in (Stern-Bach et al., 1994) . Screening of the agonist-bindthe central nervous system. This gene family is subdiing domain of glutamate receptors using site mutagenevided into non-NMDA and NMDA receptor subunits, sis has also determined that a limited number of amino which underlie the fast and slow component of excitacids in the S1 and S2 regions control binding affinity atory transmission, respectively. Characterization of the to NMDA receptors and chick kainate-binding proteins nine cloned non-NMDA receptor subunits has identified (KBP) (Kuryatov et al., 1994; Paas et al., 1996; Laube et two subfamilies, ␣-amino-3-hydroxy-5-methyl-4-isoxaal., 1997) . zolepropionic acid (AMPA) preferring (GluR1-4) and kaiIn the current study, we have examined residues innate preferring (GluR5-7, KA-1 and KA-2) (Hollmann and volved in both binding and gating by making receptor . Despite ‫%04ف‬ amino acid sequence chimeras and restricted amino acid mutations to two homology, AMPA receptor subunits do not coassemble highly homologous kainate receptor subunits, GluR5 with kainate receptors (Brose et al., 1994; Patneau et and GluR6. These subunits are 80% identical at the al., 1994; Puchalski et al., 1994; Wenthold et al., 1994) , amino acid level, with the least conserved domains and these receptor subfamilies exhibit different agonist found in the N-and C-terminal regions (Bettler et al., affinities and response kinetics (Hollmann and Heine-1990; Egebjerg et al., 1991) . While the responses to mann, 1994). However, expression and functional charglutamate are qualitatively similar in these subunits, acterization of cloned AMPA and kainate receptors have those to kainate, AMPA, and the high affinity agonist revealed a strong similarity in their response to the endomoate are quite distinct (Sommer et al., 1992 ; Kö hler dogenous neurotransmitter glutamate. All functional et al., 1993) . GluR5 receptors desensitize slowly in the non-NMDA subunits cloned to date respond to fast appresence of kainate, while GluR6 receptors show rapid plied glutamate at high concentration (mimicking synapand nearly complete desensitization. With domoate, both desensitization rates and current decay rates after tic transmission) with rapid activation and desensitizaremoval of agonist differ between GluR5 and GluR6. tion (Sommer et al., 1992; Kö hler et al., 1993; Mosbacher Finally, GluR5 is activated by high concentrations of et al., 1994) . In contrast, other agonists elicit quite dis-AMPA, whereas GluR6 is completely insensitive to this compound. These differences in agonist response characteristics were used as an assay for localization of * To whom correspondence should be addressed. The inset response in (A) is an example of a fast desensitizing kainate response in GluR5; this type of response was relatively rare. Drugs were applied during the time indicated by the gray bar under the following conditions: 1 mM kainate for 1 s, 30 M domoate for 1 s, 500 M AMPA for 100 ms, and 1 mM glutamate for 100 ms. The holding potential was Ϫ70 mV in each case.
residues that play a role in binding and/or gating prois representative of the majority of kainate-evoked currents we observed in GluR5-expressing cells, in that a cesses in these receptors. We initially constructed chimeras to localize important domains of the proteins that mixture of both fast and slow components was observed; the slower desensitizing component predomiregulate channel kinetics, then proceeded with single and multiple site mutation of amino acids that vary nated in all but a few examples. Three cells (out of 18) showed a predominant fast desensitizing component among the subunits. Fast application of agonists allowed us to resolve nondesensitized peak currents and like that shown in the inset kainate response in Figure  1A ( fast ϭ 1.4 ms and slow ϭ 17.2 ms for inset response). construct a detailed description of the kinetic behavior of the receptor chimeras and mutants. We report the The mechanism that underlies the variability in the GluR5 response to kainate remains unclear. In contrast, kainate characterization of two sites that control aspects of binding and functional properties of GluR5 and GluR6 consistently evoked rapidly desensitizing currents from GluR6 receptors ( ϭ 4.4 Ϯ 0.3 ms [mean Ϯ SEM]; n ϭ kainate receptors.
11; Figure 1B) ; steady-state currents were 1.22% Ϯ 0.03% of peak currents with this agonist. Domoate actiResults vates slowly desensitizing currents in GluR5 channels and rapidly desensitizing currents in GluR6 but, more We first characterized those channel properties that would be useful for mapping the binding and gating interestingly, has an ‫-7ف‬fold slower deactivation rate in GluR6 compared to GluR5 ( Figures 1A and 1B) . The domains in GluR5 and GluR6 by analyzing their current kinetics after expression in HEK 293 cells. Consistent decay rates of the currents after removal of domoate were best fitted with two exponential components for with previous reports, we found that GluR5 and GluR6 differ in aspects of their responses to kainate, domoate, both receptors: for GluR5, 1 ϭ 0.15 Ϯ 0.11 s and 2 ϭ 0.65 Ϯ 0.24 s (relative proportions of 58.4% and 41.6%; and AMPA ( Figure 1 and Table 1 ) (Sommer et al., 1992; Kö hler et al., 1993) . In GluR5-expressing cells, kainate n ϭ 9), whereas for GluR6, 1 ϭ 1.05 Ϯ 0.1 s and 2 ϭ 4.79 Ϯ 0.48 s (relative proportions of 60.7% and 39.3%; (1 mM) activated currents with extremely variable desensitization rates ( des values ranged from 1.5 ms to Ͼ3 s; n ϭ 12). AMPA does not gate currents in homomeric GluR6, whereas GluR5 has low but detectable sensitivity n ϭ 18). An example of a slowly desensitizing kainate response is shown in Figure 1A . This type of response to AMPA (mean current amplitude with 500 M AMPA was 111 Ϯ 45 pA; n ϭ 5). On GluR5, AMPA also activated with either the N-or C-terminal half of the receptor proteins. Chimera R6tm1R5 was composed of GluR6 currents with variable desensitization kinetics. Glutamate activated rapidly desensitizing currents in both sequence up to the start of M1, followed by GluR5 sequence through to the C terminus ( Figure 2A ). The isoreceptor types (GluR5, 4.1 Ϯ 2.0 ms; n ϭ 5; GluR6, 4.1 Ϯ 0.2 ms; n ϭ 9). While the mechanisms underlying the form of GluR5 utilized to construct the chimera was striking variability of GluR5 desensitization rates are unGluR5-2a (Sommer et al., 1992) . The R6tm1R5 construct clear, our observations are similar to those recently retherefore had an S1 domain from GluR6 and an S2 doported for glutamate-activated GluR6 currents in outmain from GluR5. The converse arrangement of subunit side-out patches (Heckmann et al., 1996; Bufler et al., sequence was generated in chimera R5tm1R6, in which 1997). Because of the variability in GluR5 desensitization the N-terminal half of GluR5 was spliced onto the rates observed with kainate, we chose to focus primarily C-terminal half of GluR6 ( Figure 2B ). All receptors and on the differences in AMPA sensitivity and domoate chimeras had a glutamine at the Q/R site in the reentrant deactivation rates as diagnostic assays for important loop region (denoted M2 (Figures 2A and 2B ).
Receptor Chimeras
R6tm1R5 produced channels with currents similar but Two chimeric kainate receptor subunits were connot identical to those of GluR5 for AMPA, domoate, and structed to resolve whether determinants of the divergent agonist responses could be specifically associated kainate (Figure 2A ). The channel was sensitive to AMPA, responding with a small, desensitizing current (52 Ϯ 10 rate at which we can apply the agonists (10%-90% rise times of the R5tm1R6 currents were 1.1 Ϯ 0.1 ms with pA; n ϭ 9). Domoate elicited a desensitizing current with a deactivation rate that was best fitted with two kainate and 1.5 Ϯ 0.2 ms for glutamate). Domoate gave very small responses with variable desensitization kinetexponential components (1 ϭ 0.21 Ϯ 0.03 s and 2 ϭ 0.79 Ϯ 0.09 s; n ϭ 9). These values are not significantly ics in R5tm1R6. Because of the small amplitude of the currents, the deactivation kinetics were difficult to anadifferent from those of GluR5 (p ϭ 0.20, unpaired t test). In nine cells, R6tm1R5 kainate currents desensitized lyze, and time constants were likely to be underestimated. Only a single exponential component could be somewhat faster than seen for GluR5 but were still an order of magnitude slower than GluR6 kainate desensitifitted to the data ( ϭ 0.33 Ϯ 0.08 s; n ϭ 7). The functional behavior of these M1 chimeras gives zation (e.g., compare kainate currents in Figures 1 and  2) . Lastly, 1 mM glutamate gave a rapidly activating and at least one clear example of delineation of agonist properties by a single half of the receptor protein: that of desensitizing current with variable kinetics (mean 8.3 Ϯ 1.1 ms; n ϭ 10).
low affinity AMPA sensitivity. AMPA sensitivity appears to correlate with the subunit type comprising the S2 Chimera R5tm1R6 gave channels whose functional properties were similar to those of GluR6 ( Figure 2B ) domain of the kainate receptors. While these chimeras do not exclude participation of residues further downwith some differences in the responses to glutamate and kainate. No AMPA-evoked currents were detected stream than S2, strong evidence suggests that S2 is critical for determining the binding properties of ionoin eight cells transfected with this chimera (tested at 1 mM AMPA). Both kainate and glutamate gave rapidly tropic glutamate receptors (Stern-Bach et al., 1994) . We therefore focused on amino acid residues in the S2 redesensitizing currents. The kainate desensitization rate for R5tm1R6 was significantly faster than that of GluR6 gion as possible determinants of the functional differences between GluR5 and GluR6. ( ϭ 2.1 Ϯ 0.2 ms; n ϭ 7 versus 4.4 Ϯ 0.3 ms; p Ͻ 0.01). The R5tm1R6 glutamate desensitization rate had a of 3.3 Ϯ 0.7 ms (n ϭ 6) as compared to 4.1 Ϯ 0.2 ms for GluR6
Control of Kainate Receptor AMPA Sensitivity by a Single Residue in the S2 Domain (not significantly different; p ϭ 0.20). These R5tm1R6 desensitization kinetics are likely to be somewhat slower
In the region between M3 and M4, GluR5 and GluR6 share 91% identity in their amino acid sequence. In order than the actual rates due to technical limitations in the to determine which specific residue(s) in this domain 2.5% of the peak glutamate current in cells where both agonists were tested (n ϭ 7), as compared to 17.6% Ϯ underlie the differing sensitivity to AMPA, we made single-site mutations to all 15 nonconserved amino acids 3.6% in GluR5 (n ϭ 5). R6(N721S) AMPA currents predominantly desensitized with a ≈ 12 ms, but these to convert the native GluR6 amino acid to the corresponding GluR5 residue. Selected GluR5 mutants were kinetics showed a great deal of variability. Two cells had a double exponential desensitization rate with a slower also made to test whether alterations in current kinetics resulting from GluR6 mutations had reciprocal effects Ͼ 100 ms. These current characteristics are similar to those seen when AMPA is applied to GluR5 and differ on GluR5. In reporting these results, we have numbered amino acids in GluR5 and GluR6 starting with their signal considerably from the AMPA currents gated by GluR6/ KA-2 heteromers (Herb et al., 1992) , which consistently peptides; note also that GluR5-2a does not contain the N-terminal insertion as reported in GenBank (see Experidesensitize very slowly. From the analysis of the GluR6 mutants, it appeared mental Procedures). All single-and multiple-site GluR6 and GluR5 mutants were tested with the same battery of that amino acid N721 was the primary determinant of AMPA sensitivity in kainate receptors. If this is the case, agonists as used with the chimeras, and all site mutants were functional.
then the complementary serine-to-asparagine mutation in GluR5 should eliminate AMPA-gated currents. As As shown in Table 1 , a single GluR6 S2 site mutant, R6(N721S), was sensitive to AMPA. All other GluR6 site shown in Figure 3C and Table 1 , R5(S721N) was insensitive to AMPA (n ϭ 6) (middle trace, Figure 3C ), while its mutants failed to gate currents during fast application of 500 M AMPA. R6(N721S) had AMPA-gated currents neighboring mutation, R5(N720S), showed no significant reduction in AMPA currents as compared to native with a mean amplitude of 287 Ϯ 108 pA (n ϭ 11). Figure  3B shows example traces of AMPA application to native GluR5 (top and bottom traces, Figure 3C ). Thus, S721 seems to be necessary to generate low affinity AMPA GluR6, R6(N721S), and its neighboring mutation site, R6(S720N). The AMPA currents activated slowly comcurrents in these kainate receptors. pared to kainate and glutamate (10%-90% rise time of 3.3 Ϯ 0.3 ms for AMPA and 1.2 Ϯ 0.1 ms for kainate and Amino Acid N721 Also Controls the Rate of Channel Deactivation after Application of Domoate glutamate), most probably because the concentration of AMPA used was lower than the peak EC 50 , which has R6(N721S) responses to domoate also exhibited a deactivation rate that was closer to that of GluR5 (Figures been estimated at 3 mM for GluR5 (Sommer et al., 1992) . The peak AMPA current seen for R6(N721S) was 8.0% Ϯ 4A and 4B), while the domoate desensitization rate and glutamate and kainate responses were similar to that of by the rate at which ligand unbinds from the receptor complex. For both R5 and R6, this deactivation rate was GluR6 (Table 1 ). The R6(N721S) current decay rate after removal of domoate was best fitted with two exponential best fitted as a multiexponential process. To illustrate the clear separation of the R6-type mutants from the components: 1 ϭ 0.22 Ϯ 0.03 s and 2 ϭ 1.33 Ϯ 0.36 s (representing 58% and 42% of the exponential decay, R5-like mutants, in Figure 4C we have plotted the slower versus faster mean values for GluR5, GluR6, and all respectively; n ϭ 8). This is significantly different from the domoate deactivation from GluR6 (p Ͻ 0.005) but the GluR6 mutants. (In the figure, the top graph identifies the mutants, and the bottom graph shows the SEM assonot statistically different from GluR5 deactivation rates (p ϭ 0.154). Figure 4A shows examples of domoate apciated with each data point). R6(N721S) and the double mutant R6(N721S/A689S) were the only two mutants plication to native GluR6, R6(N721S), and R6(A689S), and deactivation currents are shown on an expanded that had deactivation rate components that were both significantly different from GluR6 and indistinguishable scale in Figure 4B . As is apparent from the figure, desensitization rates are relatively unchanged in R6(N721S), from GluR5. An additional mutant, R6(F735L), had a domoate deactivation rate intermediate to that of R5 and but the current decays much faster after removal of domoate. R6(A689S) was of interest, as it exhibits slowed R6 ( 1 ϭ 0.62 Ϯ 0.07 s and 2 ϭ 2.64 Ϯ 0.45 s; n ϭ 10); both exponential components were significantly differdesensitization rates during application of kainate but no alteration in its response to domoate, glutamate, or ent than GluR5 and GluR6 (p Ͻ 0.05). R6(F735L) currents were on average ‫%05ف‬ smaller than currents from AMPA (see Figure 6 ). Domoate deactivation rates for the double mutant R6(A689S/S721N) were indistinguishable GluR6 and other mutants. As is evident from the figure, there is a strong linear relationship between the fast and from R6(N721S) (data not shown) as were its fast desensitizing AMPA responses, demonstrating that amino slow deactivation components of the kainate receptor mutants (r ϭ 0.95). acid N721 controls aspects of the kinetic response to domoate.
Domoate deactivation kinetics in R5(S721N), the GluR5 mutant complementary to R6(N721S), were significantly The time course of receptor deactivation after removal of domoate (subsequent to a prolonged application) reslower than native GluR5. Figure 5A shows examples of responses from GluR5 and three mutants: R5(S721N), flects the closure of open channels that are in equilibrium with one or more closed states and is also affected the complementary mutation to R6(N721S), R5(S689A), Figure 5B to compare directly their time Unlike AMPA sensitivity and domoate deactivation rates, no single amino acid mutation in the M3-M4 linker courses. Deactivation of R5(S721N) after removal of domoate were in most cases best fitted with a single exporegion of GluR6 altered the kainate-activated current desensitization properties to a rate resembling that of nential with a ϭ 0.55 Ϯ 0.02 s (n ϭ 5). One R5(S721N) cell could only be fitted with the sum of two exponential GluR5. However, mutation of A689 to a serine residue generated a channel with a significantly slower desencomponents, with 1 ϭ 0.17 s and 2 ϭ 1.48 s (68% and 32% of the current, respectively). We compared this sitization rate during application of kainate. Figure 6A shows examples of kainate applications to GluR6, R6 single-exponential deactivation to the faster (and predominant) deactivation component of GluR5, the other (A689S), R6(N721S), and R6(A689S/N721S). In R6(A689S), desensitizing kainate currents were best fitted with the GluR5 mutants, and GluR6. As shown in Figure 5C , the R5(S721N) deactivation rate is significantly slower than sum of two exponential components with 1 ϭ 8.7 Ϯ 2.2 ms and 2 ϭ 108 Ϯ 36 ms (proportionally 92% and 8% predominant deactivation component of GluR5 and the two other GluR5 mutants but still somewhat faster than of the exponential decay, respectively; n ϭ 6). The activation rate for R6(A689S) with kainate was indistinguishthe predominant deactivation rate for GluR6. It should be noted that R5(S721N) domoate currents were smaller able from that of GluR6 (10%-90% rise time of 1.4 Ϯ 0.1 ms for both receptors). The effect of this mutation on than those from GluR5, and our ability to measure the deactivation rate was hampered by current noise in a current properties is specific for kainate, as R6(A689S) responses to domoate and glutamate were similar to similar manner to chimera R5tm1R6. We therefore cannot rule out the possibility that R5(S721N) may have a native GluR6 (see Figure 4 and Table 1 ). Furthermore, addition of a mutation at N721 does not alter the slower slower, unresolved exponential component in the current deactivation. Despite this uncertainty, these data kainate desensitization of R6(A689S), as the double mutants R6(A689S/N721S) had kainate responses similar demonstrate that mutation of R6(N721) and R5(S721) had at least partially reciprocal effects on domoate curto those of R6(A689S): 1 ϭ 8.1 Ϯ 0.9 ms and 2 ϭ 61 Ϯ 12 ms (n ϭ 8) ( Figure 6B ). These results demonstrate rents in GluR5 and GluR6.
Interestingly, mutation of S689 in GluR5 increased the that mutation of A689 in GluR6 specifically affects the kainate response, while mutation of N721 alters the rerate of domoate current deactivation (predominant ϭ 56 Ϯ 15 ms; n ϭ 7; see Figure 5 ); this contrasts with the sponse to domoate and AMPA. One other GluR6 mutant had an altered kainate desenlack of effect on deactivation rates after mutation of the corresponding amino acid in GluR6 (A689). In the double sitization rate as compared to wild type-R6(F735L) (Figure 6B ). This mutant receptor had a des ϭ 6.8 Ϯ 0.7 mutant R5(S689A/S721N), for which deactivation was best fitted with a single exponential component, doms with kainate, which was significantly different from GluR6 (p Ͻ 0.005; n ϭ 11). It is possible that the slower moate deactivation rates were not significantly different than native GluR5 ( ϭ 0.26 Ϯ 0.09 s; n ϭ 4), indicating desensitization rates seen with this mutant reflect an alteration in the concentration dependence of the rethat both sites may play a role in determining the current deactivation rate in GluR5 or that there may be other sponses, as the current amplitudes with R6(F735L) are roughly half that of GluR6. Furthermore, the activation interacting residues. rates are slower in R6(F735L) as compared to GluR6 was somewhat lower than they reported (36 nM; Lomeli et al., 1992). (1.7 Ϯ 0.1 ms versus 1.4 Ϯ 0.1 ms for GluR6; n ϭ 11 and 12, respectively). Since the effects on domoate deMutation of A689 and N721 in GluR6 reduced the kainate-binding affinity by approximately 2-and 5-fold, activation rates and the kainate desensitization rates are not as substantial with this mutant as with R6 (A689S) respectively, and altered displacement by glutamate, domoate, and AMPA to different degrees (Figure 7 ). For and R6(N721S), and R6(F735L) does not gate AMPA currents, the role that this residue plays in ligand binding R6(A689S), the K D for kainate was 29.1 Ϯ 4.5 nM, and the K i values for domoate and glutamate were 7.7 Ϯ 4.3 and gating is unclear. However, it is possible that a more detailed examination of this particular mutant may prove nM (n ϭ 3) and 239 Ϯ 49 nM (n ϭ 3), respectively. As with GluR6, AMPA gave very little displacement of interesting.
[ (Tygesen et al., 1995) to 100 nM (Stern-Bach et al., 1994) (in different expression of AMPA sensitivity. The fact that the measured R6(N721S) K i of 16 M does not entirely match the AMPA systems). In HEK 293 cells, the kainate affinity for GluR5 is lower than that for GluR6 (GluR5 K D ϭ 73 nM; GluR6 affinity for GluR5 (3 M) may reflect the presence of additional sites that affect the AMPA-binding affinity or K D ϭ 36 nM) (Lomeli et al., 1992) . K i values for other agonists are generally similar between GluR5 and GluR6; may be a result of inaccuracy in the analysis of this low affinity site. the greatest differences are found in the K i values for domoate (4-fold less potent on GluR6) and the lack of displacement by AMPA on GluR6 (Lomeli et al., 1992) . Discussion We first assayed the binding properties of wild-type GluR6, which seemed necessary given the variability in By making single amino acid substitutions between GluR5 and GluR6 and recording the agonist-evoked currents reported affinities. As shown in Figure 7 and Table 2 , kainate had a KD of 13.1 Ϯ 1.7 nM (n ϭ 3) in our assays, with high resolution, we have identified two amino acids that control aspects of the binding and functional reand K i values for domoate and glutamate were 10.7 Ϯ 2.9 nM (n ϭ 4) and 556 Ϯ 150 nM (n ϭ 3), respectively. sponses of these kainate receptors. Mutation of asparagine 721 in GluR6 to a serine, the corresponding residue AMPA gave very little displacement of [ 3 H]kainate from GluR6 (Ͻ25% displacement at 250 M; n ϭ 3). These in GluR5, created an AMPA-sensitive GluR6 receptor that also had a domoate deactivation rate indistinguishvalues are similar to those reported by Lomeli et al. (1992) , with the exception of the K D for kainate, which able from that of GluR5. Mutation of all other residues Table 2. that differed between GluR5 and GluR6 in the extracelluamino acids are involved in the receptor-specific response to different agonists. Our results provide further lar region between M3 and M4 had no effect on the AMPA sensitivity of the GluR6 channels, suggesting that insight into the structural makeup of the agonist-binding domain of ionotropic glutamate receptors. these functional alterations are unlikely to be due to gross disruption of the tertiary structure of the protein.
Additionally, mutation of alanine 689 to serine markedly
Comparison with Previous Structure-Function Studies Our current study complements and extends previous slowed GluR6 desensitization rates. Mutation of N721 decreased the binding affinities of kainate and domoate, research on the structural components of ligand binding and function in a variety of glutamate receptor types. had a slight effect on glutamate affinity, and markedly increased AMPA sensitivity. In contrast, mutation of Previous site-mutation studies have used sequence homology with bacterial-binding proteins to localize a A689 selectively reduced kainate-binding affinity but had no significant effect on the affinity for domoate, number of residues involved in ligand binding in AMPA receptors (Uchino et al., 1992; Li et al., 1995) , NMDA glutamate, or AMPA. We therefore conclude that these receptors (Kuryatov et al., 1994; Wafford et al., 1995; R6(N721S) was greater than in GluR6; thus, the steadystate to peak current ratio with 30 M domoate was 0.19 Hirai et al., 1996; Laube et al., 1997) , and KBPs (Paas et al., 1996; Wo and Oswald, 1996) . In a systematic for R6(N721S) as compared to 0.42 for GluR6. The 3-fold reduced domoate-binding affinity for the R6 (N721S) attempt to localize important binding domains in a functional glutamate receptor, Stern-Bach and coworkers receptor is consistent with the increased rate of decay of the currents after removal of domoate (see discussion (1994) constructed a series of GluR3-GluR6 chimeras and assayed their pharmacological and binding properin Wong et al., 1994) . It should be noted, however, that in previous binding studies in HEK cells, the domoate ties in Xenopus laevis oocytes. The agonist pharmacology of their chimeras suggested residues in the N-termiaffinity for GluR5 was higher than that of GluR6 (K i for displacement of kainate 2.1 versus 8.6 nM, Lomeli et nal half of the S2 domain (S2N) were critical determinants of AMPA sensitivity between AMPA and kainate recepal., 1992) . Thus, with respect to domoate binding, R6(N721S) behaves less like GluR5 (i.e., the affinity is tors. This interpretation was supported by an additional study with cross-family chimeras, in which replacement lowered), whereas functionally this mutant exhibits GluR5-like deactivation kinetics. Our results therefore of the GluR2 S1 domain with a GluR6 S1 domain did not appreciably change the AMPA EC50 of the resultant suggest that additional sites in these kainate receptors stabilize the higher domoate affinity observed with chimera (Tygesen et al., 1995) . We therefore tested whether residues in the S2 domain might similarly conGluR5. The current study also provides clear functional suptrol the differential low affinity AMPA sensitivity that distinguishes GluR5 and GluR6. The functional properties port for the importance of residues involved in kainate binding in KBPs (Paas et al., 1996) and validate the latter of chimeras R6tm1R5 and R5tm1R6 (Figure 2 ) supported this idea, and we were further able to identify N721 as as useful constructs for modeling functional ionotropic glutamate receptors. Paas and coworkers identified the amino acid that eliminated AMPA sensitivity in GluR6 as compared to GluR5. In AMPA receptor subunits, a several residues in both the S1 and S2 domains that accounted for the kainate-binding energy in these bindthreonine residue is conserved at the corresponding site in the proteins. Preliminary experiments with an ing proteins, three of which are not conserved between GluR5 and GluR6: T102, S267, and Y299. The first amino additional GluR6 mutant, R6(N721T), and a GluR4 AMPA subunit mutant, R4(T708N), support the conclusions acid is in the S1 domain, while the latter two are in the S2 domain and align with A689 and N721 in GluR6. drawn in the current study. AMPA evoked currents of large amplitude from R6(N721T) (maximal currents at S267A and Y299A mutations in chick KBP reduced the kainate-binding affinity by roughly 5-fold (Paas et al., 500 M AMPA were as large as 92% of the peak glutamate currents). Conversely, R4(T708N) showed reduced 1996). In similar mutants for GluR6, R6(A689S) exhibited a 2-fold lower kainate-binding affinity compared to sensitivity to a number of agonists, including AMPA and glutamate (G. T. S., unpublished data). Interestingly, GluR6, but no alterations in kainate displacement by glutamate, domoate, or AMPA (see Figure 7 and Table threonine is also conserved in the high affinity kainate receptor subunits KA-1 and KA-2, which coassemble 2). These binding data, when considered along with the selective effect of mutant A689S on the kainate desensiwith GluR5 and GluR6. Heteromeric GluR6/KA-2 channels are sensitive to AMPA, which gates with low potization rate, strongly suggest that this residue is directly involved in the binding of kainate but not the other agotency a nondesensitizing current (Herb et al., 1992) . Our results would suggest that the locus for this novel AMPA nists tested. In contrast, mutation of N721 in GluR6 altered binding affinities of kainate, domoate, and AMPA, sensitivity conferred by KA-2 is T705. It is possible that there are additional sites necessary for the higher affinity but had detectable functional effects solely on the responses to domoate and AMPA. Kainate-binding affini-AMPA binding, as has been proposed on the basis of sequence alignments of GluR1 and GluR6 (Sutcliffe et ties for R6(N721S) were reduced by 5-fold compared to GluR6, and the K i value for domoate was decreased by al. , 1996) .
Previous studies have also indicated that residues 3-fold. Conversely, AMPA affinity was increased to a detectable level (K i ϭ 15 M), although the sensitivity somewhere within the S2 domain appear to control receptor sensitivity to the high affinity agonist domoate remained quite low (as is the case with GluR5; Sommer et al., 1992) . (Stern-Bach et al., 1994; Tygesen et al., 1995) . This is supported by the observation that a chimeric GluR6 receptor containing a GluR3 S2 domain [R6(R3S2)] had A Model of the GluR6 S1-S2 Domains Based on an EC 50 20-fold higher than that of wild-type GluR6 the Glutamine-Binding Protein Structure (Stern-Bach et al., 1994) . In the present study, we have Structure-function studies of ionotropic glutamate relocalized one S2 determinant of the functional response ceptors have supported a model of the agonist-binding to domoate in kainate receptors. Within the kainate redomain that uses the resolved structures of bacterial ceptor family, there is also a significant difference in the amino acid-binding proteins as archetypes. Nakanishi domoate potency of the nondesensitized (peak) currents and coworkers first noted a degree of sequence similarin GluR5 and GluR6. The peak EC50 for GluR5 has been ity between the newly cloned AMPA receptor subunits reported as 1.2 M (Sommer et al., 1992) , while that of and the glutamine-binding protein (GlnBP) of EscheGluR6 is unknown but likely to be Ͼ50 M (G. T. S., richia coli (Nakanishi et al., 1990) . At the time, AMPA unpublished data). Despite a clear effect on deactireceptors were thought to have four transmembranevation rates, the relative peak responses for domoate spanning domains by analogy with other ligand-gated versus glutamate or kainate were similar to those seen with GluR6. However, the degree of desensitization in ion channels (Hollmann and Heinemann, 1994) . This has only weak similarity to ionotropic glutamate receptors. Use of the GlnBP structure produced better initial sequence alignments and should make our model closer to the true GluR6 structure and therefore a more useful predictive tool. Consistent with our functional results, GluR6 A689 and N721 are localized to ␣ helices lining the agonistbinding pocket (Figure 8 ). Their appropriate localization therefore lends support to the idea that these residues form a direct interaction with ligands, rather than simply disrupting the tertiary structure of the protein. Other residues mutated in this study were distributed throughout the structure and were located further from the binding pocket. Analogous residues (S267 and Y299) in the chick KBP model based on LAOBP (Paas et al., 1996) are also located near the binding pocket in that structure. In the GluR6 model shown in Figure 8 , S1 and S2 intertwine to form a bilobate structure common to most of the periplasmic binding proteins (Hsiao et al., 1996) . The ligand-binding pocket is formed by central cleft of ‫21ف‬ Å between the small and large lobes, which are connected by a central "hinge" region (Hsiao et al., 1996) . A number of residues, including those preceding S1 and at the C-terminal end of S2, are not present in the model in Figure 8 because they have no counterparts in GlnBP. As has been noted previously (Paas et al., 1996) , the precise orientation of the bilobate structure with respect iste and Mayer, 1995; Mano et al., 1996) . In LAOBP, agonist-binding cleft. The orientation of the structure with respect whose structure has been solved in the open unliganded to the membrane is unknown. and closed liganded states, agonist appears to bind to the larger lobe first (Oh et al., 1993) . Interestingly, Oh et topology model placed the S1 and S2 domains on opal. (1993) suggest that rotation about the hinge occurs posite sides of the plasma membrane. However, subin the absence of ligand and that ligand binding primarily sequent analysis of the N-glycosylation patterns of goldstabilizes the closed structure due to favorable interacfish KBPs (Wo and Oswald, 1994) , engineered sites in tions with the smaller lobe. If the binding domains of GluR1 (Hollmann et al., 1994) , and inserted glycosylation ionotropic glutamate receptors behave in a similar fashsites and epitope fusion in GluR3 (Bennett and Dingleion, our observation that mutation of an S2 amino acid, dine, 1995) provided strong evidence for an alternate N721, produces a novel sensitivity to AMPA in GluR6 topology that modeled the classically defined M2 as a suggests that channel gating (i.e., functional activity) reentrant loop. Concurrently with these studies, Sternoccurs only when the two lobes have stabilized in the Bach et al. (1994) demonstrated that the regions of closed liganded state. Based on GluR1 site mutants, it receptor homology with bacterial periplasmic-binding has been suggested that agonist binding to the larger proteins were clearly involved in ligand binding in GluR3-lobe mediates channel opening, and interaction with the GluR6 chimeras.
smaller lobe produces desensitization (a "venus flytrap" To understand better the roles of the residues we model; Mano et al., 1996) . Our observations support an mutated, we have generated a model of the GluR6 S1 alternative model in which activation and desensitization and S2 domains based on the recently published crystalare kinetic states entered into subsequent to lobe rotalographic structure of unliganded GlnBP (Figure 8) tion and agonist interaction with the smaller (predomi-(Hsiao et al., 1996) . Previously published models of the nantly S2) lobe. glutamate receptor S1-S2 domains have relied on the Resolved structures for liganded GlnBP (in preliminary structure of the lysine-arginine-ornithine binding protein form, Hsiao et al., 1996) and LAOBP (Oh et al., 1993) (LAOBP) (Stern-Bach et al., 1994; Paas et al., 1996; Sutand residues. This information should prove useful in further with CsOH). The external bath solution contained 150 mM NaCl, 2.8 attempts to dissect out structural correlates of function mM KCl, 1.8 mM CaCl 2 , 1.0 mM MgCl 2 , and 10 mM HEPES (pH was adjusted to 7.3 with NaOH). Drugs were applied through three-barrel in these receptors.
glass tubing (Vitro Dynamics, Rockaway, NJ) that had been pulled to a internal barrel diameter of ‫08ف‬ m and mounted on a piezoExperimental Procedures ceramic bimorph. The piezo bimorph was driven by TTL pulses from pClamp 6.03 software (Axon Instruments) fed through a stimulationConstruction of Chimeras and Site Mutants isolation unit (S-100, Winston Electronic Co., Millbrae, CA); rise times The R6tm1R5 chimera was constructed using a PCR-based mutaof measured junction potential jumps were Ͻ0.5 ms. Data were tion protocol. The sense oligonucleotide primer for this chimera was acquired directly to a computer and were analyzed off-line using based on the nucleotide sequence for amino acids 559-563 (LSPDI) pClamp software. Exponential decays were fitted with the Chebyfrom GluR6 followed by 564-571 (WMYVLLAC) from GluR5 and conshev or Simplex least-squares algorithms in Clampfit. tained a silent EcoRV site at the codon for amino acid 563. The antisense primer was from nucleotides 2722-2749 of GluR5 and Membrane Preparation and Radioligand Binding Assays contained a new XhoI site in the 3Ј untranslated region. The Membranes were prepared from ten 6 cm dishes, containing a total C-terminal GluR5 fragment was generated by PCR with the following of ‫1ف‬ ϫ 10 7 cells, 48-72 hr after transfection. The cells were washed conditions: 95ЊC for 2 min; 35 cycles of 95ЊC for 30 s, 55ЊC for 30 twice with HEPES buffer (40 mM HEPES [pH 8.0], 100 mM NaCl) s, and 75ЊC for 2 min; with a final extension of 75ЊC for 2 min. We prior to removal with a cell scraper. All subsequent steps were used 900 ng of GluR5 plasmid DNA template, 150 pmol of each performed at 4ЊC or on ice and using ice-cold buffers. The cells primer, 200 M dNTPS, and 2 U Vent polymerase (NEB, Beverly, were harvested at low speed (4,000 ϫ g for 15 min) and resuspended MA). The PCR product was isolated from an agarose gel, digested in 5 ml HEPES buffer without NaCl. The cells were lysed with 20 with EcoRV and XhoI, and subcloned into the GluR6 cDNA cut at strokes in a hand-held Potter homogenizer and the membranes the same restriction sites. Chimera R5tm1R6 and all site mutants recovered by centrifugation (100,000 ϫ g for 30 min). The homogeniwere constructed using a modification of the Quikchange system zation and centrifugation steps were repeated a further two times. (Stratagene, La Jolla, CA). Complementary oligonucleotide primers Membranes were resuspended in the same buffer and stored at containing the site of mutation and a diagnostic silent restriction Ϫ70ЊC. site were synthesized on-site or by Genset (La Jolla, CA). Repeated For all radioligand-binding experiments, samples were incubated extensions of the entire plasmid template were carried out under in HEPES buffer (10 mM, pH 8.0) containing [ 3 H]kainate (58 Ci/mmol, the following conditions: 95ЊC for 1 min and 20 cycles of 95ЊC for NEN, Wilmington, DE) in a final volume of 0.5 ml for 1 hr at 0ЊC. 30 s, 60ЊC for 1.5 min, and 68ЊC for 18 min with 100-300 ng template Nonspecific binding was defined as that not displaced by 100 M DNA, 125-250 ng each of primers, 250 M dNTPs, and 2.5 U Pfu kainate. For competition studies, 10 nM [ 3 H]kainate was used; conpolymerase (Stratagene). A DpnI digest of the PCR mix was then centrations ranged from 1 to 200 nM in the saturation experiments. carried out for 1.5 hr at 37ЊC, and competent DH5␣ were transformed Bound and unbound radioligands were separated by vacuum filtrausing standard procedures. For R5tm1R6, silent NheI sites were tion onto GF/C or GF/B filters (Whatman, Maidestone, UK), preadded by mutation of nucleotides 1783 in GluR5 and 2013 in GluR6. soaked for 1 hr in 0.1% polyethyleneimine (RBI, Natick, MA), folThe NheI-XbaI fragment of GluR6 was then subcloned into the same lowed by two 4 ml washes in ice-cold HEPES buffer. All assays sites in GluR5 to create R5tm1R6. For site mutants, screening of were performed in triplicate. Results from saturation experiments candidate mutants was carried out by restriction digest with a diagwere analyzed using Scatchard transformations, and competition nostic enzyme or by direct dideoxy sequencing. All positive site curves were fitted to the Hill equation. mutants and chimeras were sequenced in the region of interest to confirm the mutation. The entire coding regions of a number of Generation of GluR6 S1-S2 Model clones [R6(A689S), R6(N721S), R6(F735L), R6(689/721), R5(S689A),
A sequence alignment between E. coli GlnH and rat GluR6 was initially generated in a multiple alignment with the rat GluR1-GluR5, and R5(S721N)] were sequenced to ensure that functional changes
